Glutathione peroxidase 4 and vitamin E cooperatively prevent hepatocellular degeneration  by Carlson, Bradley A. et al.
Redox Biology 9 (2016) 22–31Contents lists available at ScienceDirectRedox Biologyhttp://d
2213-23
Keyw
ductase
derived
titative
peroxid
S-transf
glutama
reactive
nn Cor
n Corr
netics P
Dr, Buil
E-m
marcus.journal homepage: www.elsevier.com/locate/redoxResearch paperGlutathione peroxidase 4 and vitamin E cooperatively prevent
hepatocellular degeneration
Bradley A. Carlson a, Ryuta Tobe a, Elena Yefremova b, Petra A. Tsuji c, Victoria J. Hoffmann d,
Ulrich Schweizer e, Vadim N. Gladyshev f, Dolph L. Hatﬁeld a,n, Marcus Conrad b,nn
a Molecular Biology of Selenium Section, Mouse Cancer Genetics Program, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA
b Helmholtz Zentrum München, Institute for Developmental Genetics, Neuherberg, Germany
c Department of Biological Sciences, Towson University, Towson, MD, USA
d Ofﬁce of the Director Diagnostic and Research Services Branch, National Institutes of Health, Bethesda, MD, USA
e Institut für Biochemie und Molekularbiologie, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn, Germany
f Division of Genetics, Department of Medicine, Brigham and Women's Hospital, Harvard Medical School, Boston, MA, USAa r t i c l e i n f o
Article history:
Received 17 May 2016
Accepted 18 May 2016
Available online 26 May 2016
Keywords:
Selenoprotein
Ferroptosis
Lipid peroxidationx.doi.org/10.1016/j.redox.2016.05.003
17/Published by Elsevier B.V. This is an open
ords: Gpx4, glutathione peroxidase 4; Txnrd
; Sec, selenocysteine; Trsp, Sec tRNA gene; Nr
)-like 2; Alb-Cre, Albumin-Cre; H&E, hematox
PCR; GSH, glutathione; SEM, standard error of
ase 1; SelR, Selenoprotein R; SepW, Selenopro
erase alpha 1; Srxn1, sulﬁredoxin 1; Cbr3, car
te-cysteine ligase; Gsr, glutathione reductase
substances
responding author.
espondence to: Molecular Biology of Selenium
rogram, National Cancer Institute, National Ins
ding 37, Room 5016, Bethesda, MD 20892, US
ail addresses: hatﬁeld@mail.nih.gov (D.L. Hatﬁ
conrad@helmholtz-muenchen.de (M. Conrad)a b s t r a c t
The selenoenzyme glutathione peroxidase 4 (Gpx4) is an essential mammalian glutathione peroxidase,
which protects cells against detrimental lipid peroxidation and governs a novel form of regulated ne-
crotic cell death, called ferroptosis. To study the relevance of Gpx4 and of another vitally important
selenoprotein, cytosolic thioredoxin reductase (Txnrd1), for liver function, mice with conditional deletion
of Gpx4 in hepatocytes were studied, along with those lacking Txnrd1 and selenocysteine (Sec) tRNA
(Trsp) in hepatocytes. Unlike Txnrd1- and Trsp-deﬁcient mice, Gpx4 / mice died shortly after birth and
presented extensive hepatocyte degeneration. Similar to Txnrd1-deﬁcient livers, Gpx4 / livers mani-
fested upregulation of nuclear factor (erythroid-derived)-like 2 (Nrf2) response genes. Remarkably,
Gpx4 / pups born from mothers fed a vitamin E-enriched diet survived, yet this protection was re-
versible as subsequent vitamin E deprivation caused death of Gpx4-deﬁcient mice 4 weeks thereafter.
Abrogation of selenoprotein expression in Gpx4 / mice did not result in viable mice, indicating that the
combined deﬁciency aggravated the loss of Gpx4 in liver. By contrast, combined Trsp/Txnrd1-deﬁcient
mice were born, but had signiﬁcantly shorter lifespans than either single knockout, suggesting that
Txnrd1 plays an important role in supporting liver function of mice lacking Trsp. In sum our study de-
monstrates that the ferroptosis regulator Gpx4 is critical for hepatocyte survival and proper liver func-
tion, and that vitamin E can compensate for its loss by protecting cells against deleterious lipid perox-
idation.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
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.eight glutathione peroxidases due to its broad substrate speciﬁcity,
the fact that it functions as a phospholipid hydroperoxidase pro-
tecting cells from lipid peroxidation and serves a structural func-
tion in mature sperm cells [1]. Moreover, Gpx4 was recently de-
scribed to control a novel, iron-dependent form of regulated non-
apoptotic cell death, ferroptosis [2], which is characterized by
generation of high levels of lipid hydroperoxides [3,4]. Ferroptotic
cell death was found not only to be relevant for cell death of
malignant cells, but emerged to play an important role in cells and
tissue demise in kidney tubule cells [5], viral immunity [6], and
motor neuron degeneration [7]. Among the proteins encoded by
25 selenoprotein genes in mammals, Gpx4 enzyme appears to be
particularly critical for murine survival in that its knockout in mice
is early embryonic lethal [8], and it can only be partially knocked
down in cultured cells [9,10]. Furthermore, its targeted removal in
neural and skin tissues virtually mimics the knockout of the gene
encoding the selenocysteine (Sec)-speciﬁc tRNA, Trsp (see [11,12],-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A remarkable interrelationship exists between Gpx4 and vita-
min E, which is a lipid soluble antioxidant responsible for pro-
tecting membranes from oxidative damage [5,13]. Inducible in-
activation of Gpx4 in cells has been shown to result in lipid per-
oxidation-mediated cell death, which could be prevented by vi-
tamin E supplementation [10]. In addition, this relationship was
also demonstrated by disrupting Gpx4 in mouse endothelium,
which had no apparent effect on normal vascular homeostasis,
unless the mice were restricted from dietary vitamin E [13]. Vi-
tamin E removal from the diets of these animals resulted in en-
dothelial cell death and subsequent thrombus formation in mul-
tiple organs and consequently early death of mice.
Knockout of either Trsp (Trsp /) [14,15] or Txnrd1 (Txnrd1 /)
[16] was found to be embryonic lethal; however, the targeted
knockout of either gene in liver was not embryonic lethal [17–19].
The incidence of hepatocarcinogenesis in hepatocyte-speciﬁc
conditional knockout mice carrying the Albumin-Cre (Alb-Cre)
transgene (genotype Alb-Cre; Txnrd1ﬂ/ﬂ) was dramatically in-
creased compared to control mice expressing normal levels of
Txnrd1 (genotype Alb-Cre; Txnrd1þ /þ), suggesting that this major
redox regulator selenoprotein has a role in protecting hepatocytes
from cancer [18].
Since mice carrying hepatocyte-speciﬁc knockout of Trsp sur-
vived for several months and their death appeared to be due to
severe hepatocellular degeneration and necrosis [17], while mice
carrying hepatocyte-speciﬁc knockout of Txnrd1 exhibited no ap-
parent phenotype [18], we interrogated whether the ferroptosis
regulator Gpx4 could be the critical selenoprotein responsible for
the effect observed in the Trsp knockout mice. To this end, we
generated a series of mice with hepatocyte-speciﬁc deletion of
Gpx4 alone or in combination with Trsp, and as controls hepato-
cyte-speciﬁc knockout of Txnrd1 in combination with Trsp. Find-
ings obtained by these in vivo studies strongly suggest that Gpx4 is
a critical factor for hepatocyte survival which is highly sensitive to
vitamin E status.2. Materials and methods
Please refer to the Supplementary Materials and Methods for
more detailed descriptions.
2.1. Materials
A detailed list of materials is given in Supplementary
Information.
2.2. Generation of hepatocyte knockout mice, genotyping and diets
All hepatocyte-speciﬁc mouse lines were generated using mice
carrying the Alb-Cre transgene (C57BL/6) [20]. Mouse lines ob-
tained, mouse genotyping and diets used are described in detail in
the Supplementary Information. Mice were maintained under
standard conditions, with food and water given ad libitum, were
handled in accordance with the National Institutes of Health In-
stitutional Guidelines (NCI, NIH, Bethesda, MD, USA), and all
mouse experiments were approved by the Animal Ethics Com-
mittee at the National Institutes of Health.
2.3. Tissue harvest and histopathological analysis
Mice were euthanized, their livers removed immediately, wa-
shed brieﬂy in DPBS, snap frozen in liquid nitrogen and stored at
80 °C until analysis. Skeletal muscle, tongue, heart, brain, lung,
kidney, spleen and bone marrow were also taken in the samemanner for further analysis. Tissues used for pathological analysis
were immediately placed in 10% neutral-buffered formalin and
parafﬁn embedded. Tissue sections were routinely stained with
hematoxylin and eosin (H&E) and examined by light microscopy
by a board certiﬁed veterinary pathologist.
2.4. RNA isolation and qPCR analysis
Total RNA was isolated from tissues or cells using TriPure iso-
lation reagent following the manufacturer's instructions and re-
verse transcribed using an iScript cDNA synthesis kit. Quantitative
PCR (qPCR) was performed in triplicate using iTaq Universal SYBR
Green Supermix according to the manufacturer's instructions.
Results were normalized to mouse Gapdh. Primers sequences used
for analyses are shown in Supplementary Table 3.
2.5. Protein isolation and western blotting
Tissues were washed twice with DPBS and then harvested in
ice cold lysis buffer (50 mM Tris; pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.1% Igepal and protease inhibitors). Western blot analysis
was carried out as described in Supplementary Information.
2.6. Thioredoxin reductase activity and lipid peroxidation assays and
quantiﬁcation of GSH and GSSG
Txnrd1 activity was determined spectrophotometrically based
on the method of Holmgren [21] and lipid peroxidation assessed
as described in Supplementary Information. Total glutathione
(GSH) levels in liver were quantiﬁed using a glutathione assay kit
according to the manufacturer's instructions (Sigma-Aldrich).
2.7. Statistical analysis
Values in all ﬁgures are presented as the standard error of the
mean (SEM). Student's t-test was performed using GraphPad Prism
(GraphPad Software, La Jolla, CA). P-values less than or equal to
0.05 (Pr0.05) are considered signiﬁcant.3. Results
Gpx4ﬂ/ﬂ females were crossed with Alb-Cre; Gpx4ﬂ/þ males and
maintained on a standard rodent diet (NIH-31). The resulting pups
were initially genotyped at three weeks of age (Table 1). No mice
bearing the genotype Alb-Cre; Gpx4ﬂﬂ were found, indicating that
knockout of Gpx4 in liver leads to early lethality. To determine if
hepatocyte-speciﬁc Gpx4 / pups die during embryogenesis, pups
from the above matings were genotyped at 15.5 dpc. This analysis
detected Alb-Cre; Gpx4ﬂﬂ embryos. To characterize them, six Alb-
Cre; Gpx4ﬂ/þ and six Alb-Cre; Gpx4ﬂﬂ whole embryos were taken
for histo-pathological analysis, but no differences were observed
suggesting that the knockouts were dying at a later stage. Geno-
typing of one day old pups identiﬁed mice bearing the genotype
Alb-Cre; Gpx4ﬂﬂ according to the expected Mendelian ratio (Ta-
ble 1). Pups were carefully monitored following birth, and all he-
patocyte-speciﬁc Gpx4 / pups were found to die by 48 h. To
examine the cause of death, 1 day old Alb-Cre; Gpx4ﬂﬂ knockout
and Gpx4ﬂﬂ control pups were euthanized and livers taken for
analysis. In addition, Trspﬂ/ﬂ females were crossed with Alb-Cre;
Trspﬂ/þ males and Txnrd1ﬂ/ﬂ females were crossed with Alb-Cre;
Txnrd1ﬂ/þ males, and one day old pups from these litters were
analyzed. H&E staining of livers from one day old Alb-Cre; Gpx4ﬂ/ﬂ
pups revealed extensive hepatocyte degeneration and necrosis
(Fig. 1). Neonatal Alb-Cre; Gpx4ﬂ/ﬂ mice had hepatic degeneration
characterized by a “fading out” of hepatocytes, by pale staining
Table 1
Genotyping of pups of Gpx4ﬂ/ﬂ femaleAlb‐Cre; Gpx4ﬂ/þ male mice.
Age
examined
Mean number
of pups/litter
Number of mice/genotype
Alb-Cre;
Gpx4ﬂ/þ
Gpx4ﬂ/þ Gpx4ﬂ/ﬂ Alb-Cre;
Gpx4ﬂ/ﬂ
3 weeks 4.83 26 17 15 0
1 day 8.33 16 12 10 12
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brane detail similar to autolysis, which are likely the result of
membrane damage due to oxidative stress. In addition, globules
that may be fragments of hepatocytes were present. Livers from
knockout mice also lacked veins and sinusoids (see arrow pointing
to vein, Fig. 1). Neither Trsp-deﬁcient nor Txnrd1-deﬁcient livers
displayed hepatocyte degeneration or necrotic cell death (not
shown).
mRNA levels of several liver selenoproteins, glutathione perox-
idase 1 (Gpx1), Gpx2, Gpx4, Txnrd1, selenoprotein R (SelR) and se-
lenoprotein W (SepW) [17,22], were measured by qPCR in livers of
one day old hepatocyte-speciﬁc Gpx4 / , Txnrd1 / , Trsp / mice
and controls (Fig. 2A). Gpx4 and Txnrd1 were signiﬁcantly reduced
in the corresponding knockout mice as expected, but there also
appeared to be low levels of these selenoprotein mRNAs retained
in the respective knockout mice likely due at least in part to cell
types other than hepatocytes [23]. Gpx1 and SepW mRNA levels
were signiﬁcantly reduced in Trsp liver knockout mice which is not
surprising since these mRNAs are subject to nonsense mediated
decay when not properly translated [24,25]. Gpx2was signiﬁcantly
increased in Txnrd1-deﬁcient mice, which was also expected sinceFig. 1. Liver necrosis in Alb-cre; Gpx4ﬂ/ﬂ mice. H&E staining of Gpx4 control and Alb-cre; G
hepatocyte degeneration and necrosis, lack of veins (arrow) and sinusoids in livers of Gthe nuclear factor (erythroid-derived)-like 2 (Nrf2) is known to
upregulate oxidative stress-induced proteins like Gpx2 [26], in-
cluding other proteins in the selenoprotein and glutathione fa-
milies under certain cellular conditions (e.g., Txnrd1-deﬁciency;
see [18,27] and below). Txnrd1mRNA was signiﬁcantly enriched in
liver of Gpx4 / mice, which is in line with a previous study,
where it was found to be up-regulated in skin epithelial-speciﬁc
Gpx4 / mice [12].
Expression of the above selenoproteins, with the exception of
Gpx2, was examined by western blotting (Fig. 2B). Gpx1, SelR and
SepW were all dramatically down-regulated, and Gpx4 partially
reduced, in Trsp-deﬁcient mice (see also [17]). Txnrd1 and Gpx4
was efﬁciently reduced in the respective hepatocyte-speciﬁc null
mice and were found to be reciprocally regulated in the respective
knockouts (Fig. 2B). To further examine the loss of Txnrd1 and
Gpx4 in Trsp-deﬁcient mice, we examined the levels of Sec tRNA
and the mRNA of these two proteins in mice at 1, 6, 15 and 21 days
of age by qPCR analysis (Supplementary Fig. 1A and B). Sec tRNA
levels in Alb-Cre; Trspﬂ/ﬂ livers were 20% of the levels found in
control livers at 1 day of age and remained at approximately the
same level throughout the time period examined (Supplementary
Fig. 1A). The mRNA levels of Txnrd1 and Gpx4 were largely un-
changed between control and Trsp / livers over this time period,
with the exception of a slight decrease in Txnrd1 levels in Alb-Cre;
Trspﬂ/ﬂ livers at 21 days of age. The levels of Gpx4 and Txnrd1 were
also examined by immunoblotting (Supplementary Fig. 1C). As
mentioned above, both Gpx4 and Txnrd1 were detected in one day
old Trsp-deﬁcient mice. At 6 days of age, only a small amount of
Gpx4 remained in Trsp / livers, while Txnrd1 was present in
similar levels as control mice. By 15 days, both Gpx4 and Txnrd1
were virtually absent, indicating that Txnrd1 and Gpx4 remainpx4ﬂ/ﬂ livers at 10 and 40 magniﬁcation from 1 day old pups revealed extensive
px4-deﬁcient pups.
Fig. 2. Expression levels of selenoproteins in livers of 1 day old control, Trsp-, Txnrd1- and Gpx4-deﬁcient mice. (A) mRNA levels of Gpx1, Gpx2, Gpx4, Txnrd1, Selr, and Sepw
were analyzed by qPCR. Data are shown as relative mRNA levels normalized to Gapdh in all liver samples (n¼3 for each genotype). *Denotes statistical difference (Po0.05).
(B) Protein levels of Gpx1, Gpx4, Txnrd1, SelR and SepWwere analyzed by immunoblotting in both control and knockout liver samples (n¼2 each). Gapdh levels are used as a
control for protein loading. (C) Txnrd1 activity in livers of control, Trsp-, Txnrd1- and Gpx4-deﬁcient mice. Data are the mean7SEM for three independent experiments and
are expressed as mmol TNB/min/mg protein. *Denotes statistical difference (Po0.05).
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lenoproteins examined. In addition, mRNA levels of the Nrf2-
regulated enzymes, glutathione S-transferase alpha 1 (Gsta1), sul-
ﬁredoxin 1 (Srxn1) and carbonyl reductase 3 (Cbr3), were measured
by qPCR in mice at 1, 6, 15 and 21 days of age (SupplementaryFig. 2). mRNA levels of these genes were unaltered in Trsp-deﬁ-
cient mice at one and six days of age. However, at 15 and 21 days
of age, the mRNA levels of all three genes increased dramatically,
coinciding with the loss of both Txnrd1 and Gpx4. Txnrd1 activity
was measured and its activity was signiﬁcantly reduced in Txnrd1
Fig. 3. mRNA expression levels of Nrf2-regulated genes in livers of 1 day old control, Trsp-, Txnrd1- and Gpx4-deﬁcient mice. (A) mRNA levels of Gsta1, Gclc, Gsr, Srxn1 and
Cbr3 were analyzed by qPCR. Data are shown as relative mRNA levels normalized to Gapdh in all liver samples (n¼3 for each genotype). *Denotes statistical difference
(Po0.05). (B) Total GSH was measured spectrophotometrically and the levels calculated relative to the levels found in control mice. Total GSH concentrations are the
mean7S. D. for three independent experiments.
B.A. Carlson et al. / Redox Biology 9 (2016) 22–3126and Trsp liver knockout mice compared to the corresponding
controls (Fig. 2C). Txnrd1 activity was signiﬁcantly increased in
Gpx4 / liver as expected, reﬂecting the increase of Txnrd1 mRNA
and protein levels (Fig. 2A and B, respectively).
Comparison of the Txnrd1 levels of Trsp in control and knock-
out liver, which are virtually the same amounts as examined by
western blotting, (Fig. 2B) to Txnrd1 activity (Fig. 2C) suggests that
the higher amounts of Txnrd1 likely are due to truncation and/ormisreading or misinsertion of cysteine in place of Sec [28].
As mentioned above, two selenoproteins, Txnrd1 and Gpx2 are
known Nrf2 targets [26]. Since Gpx4 appears to play an important
role within the GSH system, the mRNA levels of Nrf2-regulated
enzymes involved in the GSH system, Gsta1, glutamate-cysteine
ligase (Gclc), glutathione reductase (Gsr), as well as two other Nrf2-
regulated enzymes involved in oxidative stress resistance, Srxn1
and Cbr3, were measured by qPCR. Similar to Txnrd1-deﬁcient
Table 2
Gpx4 knockout lethality is rescued by vitamin E.
Age
examined
Mean number
of pups/litter
Number of mice/genotype
Alb-Cre;
Gpx4ﬂ/þ
Gpx4ﬂ/þ Gpx4ﬂ/ﬂ Alb-Cre;
Gpx4ﬂ/ﬂ
3 weeks 5.73 20 13 12 18
Parents: Gpx4ﬂ/ﬂ femalesAlb-Cre; Gpx4ﬂ/þ males.
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upregulated in Gpx4-deﬁcient livers, although to a lesser extent
(Fig. 3A). Interestingly, no statistical differences were observed in
Trsp-deﬁcient livers compared to the respective controls. Total
GSH levels were measured and remained statistically unchanged
in all mice, but showed a slight increase in Txnrd1-deﬁcient and
decrease in Gpx4-deﬁcient livers (Fig. 3B).
Gpx4ﬂ/ﬂ females were mated with Alb-Cre; Gpx4ﬂ/þ males,
which were maintained on diets with supplemented vitamin E
(500 IU/kg, DL-α-tocopheryl acetate) through the gestation period,
and the mothers were kept on these diets until the newborns were
weaned and genotyped at 3 weeks of age. As shown in Table 2,
Alb-Cre; Gpx4ﬂ/ﬂ mice were born near the expected Mendelian
ratios when given vitamin E-enriched diets, indicating that vita-
min E compensated for Gpx4-deﬁciency in liver.
Gpx4ﬂ/ﬂ females were mated with Alb-Cre; Gpx4ﬂ/þ males,
maintained on diets with supplemented vitamin E (as above)
through the gestation period and the mothers were kept on these
diets until the newborns were weaned (Fig. 4A). The male and
female offspring were kept on vitamin E-enriched diets for an
additional three weeks, and then placed on diets lacking thisFig. 4. Survival rate of Gpx4 control and Alb-cre; Gpx4ﬂ/ﬂ mice following removal of vitam
plan of mice maintained on vitamin E-deﬁcient (vitamin E) or vitamin E-supplemen
(n¼10) mice on deﬁned diets. Arrow notes the time when mice were placed on a vitamin
difference (Po0.0001).vitamin and their survival monitored. None of the Gpx4 control
mice (Alb-Cre; Gpx4ﬂ/þ , Gpx4ﬂ/þ and Gpx4ﬂ/ﬂ) died for the 78 days
they were monitored on the vitamin E-deﬁcient diet, while the
Alb-Cre; Gpx4ﬂ/ﬂ mice began dying at day 8 following vitamin E
removal and continued to die over the next 43 days (Fig. 4B). Alb-
Cre; Gpx4ﬂ/ﬂ mice had an overall survival time of 69.5 days, or 27.5
days following vitamin E removal.
Livers and serum taken from control (Gpx4ﬂ/ﬂ) and knockout
mice following removal of vitamin E were examined for patholo-
gical changes (Fig. 5). The cause of morbidity in the moribund/
dead mice was found to be extensive hepatocellular necrosis
(Fig. 5A). Necrotic hepatocytes were centered on portal triads.
Affected cells had swollen glassy cytoplasm and faded, pale-
staining nuclei. Necrotic foci manifested variable hemorrhage and
acute inﬂammation. Skeletal muscle, tongue, heart, brain, lung,
kidney, spleen and bone marrow were also taken for further
analysis. Degeneration of heart, tongue and skeletal muscle which
is associated with severe vitamin E-deﬁciency in domestic species
was not present. In order to estimate potential lipid peroxidation,
we used the thiobarbituric acid reactive substances (TBARS) assay
[29]. In mice maintained on a vitamin E-supplemented diet, TBARS
plasma levels of Alb-cre; Gpx4ﬂ/ﬂ were not higher than those of
control mice (Fig. 5B). However, upon removal of vitamin E from
the diet at six weeks of age and replacement with a vitamin
E-deﬁcient diet for 3 weeks, plasma levels of TBARS were elevated
above controls (Po0.05), suggesting an increase in lipid
peroxidation.
To examine the effects of a combined Trsp-and Gpx4-deﬁciency
in mouse liver, female Alb-Cre: Trspﬂ/þ ; Gpx4ﬂ/þ mice were crossed
with Alb-Cre: Trspﬂ/þ; Gpx4ﬂ/þ male mice (Supplementary Fig. 2).
The resulting pups were genotyped at one day of agein E from the diet. (A) Schematic representation of experimental design and feeding
ted (þvitamin E) diets. (B) Survival curve of control (n¼12) and Alb-cre; Gpx4ﬂ/ﬂ
E-deﬁcient diet. A log-rank test was used for statistical analysis. *Denotes statistical
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B.A. Carlson et al. / Redox Biology 9 (2016) 22–3128(Supplementary Table 1). No pups with the genotype Alb-cre:
Trspﬂ/ﬂ; Gpx4ﬂ/ﬂ were observed, indicating that the combined Trsp
and Gpx4 knockout in liver is embryonic lethal and, therefore,
more severe than Gpx4 knockout alone. Examination of lethality of
these mice in embryogenesis was not further pursued.
Combined Trsp- and Txnrd1-deﬁcient mice were generated by
crossing female Alb-Cre: Trspﬂ/þ ; Txnrd1ﬂ/þ with male Alb-Cre:
Trspﬂ/þ ; Txnrd1ﬂ/þ mice (Supplementary Fig. 3). As shown in
Supplementary Table 2, these crosses generated offspring with theexpected Mendelian ratios. Control (Alb-cre: Trspﬂ/þ; Txnrd1ﬂ/þ),
Alb-cre: Trspﬂ/ﬂ; Txnrd1ﬂ/ﬂ, Alb-cre: Trspﬂ/ﬂ; Txnrd1ﬂ/þ , and Alb-cre:
Trspﬂ/ﬂ; Txnrd1þ /þ male and female mice produced from these
matings were maintained on standard chow diets and survival
monitored for 140 days (Fig. 6). Median survival was 14.5 days for
Alb-cre: Trspﬂ/ﬂ; Txnrd1ﬂ/ﬂ mice, 17 days for Alb-cre: Trspﬂ/ﬂ;
Txnrd1ﬂ/þ mice and 61 days for Alb-cre: Trspﬂ/ﬂ; Txnrd1þ /þ mice.
No control mice died during this period. Mice lacking only Trsp
had a signiﬁcantly shorter life span than control mice (Po0.0001).
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B.A. Carlson et al. / Redox Biology 9 (2016) 22–31 29Mice lacking both Trsp and Txnrd1 had a signiﬁcantly shorter life
span than control mice (Po0.0001) and mice only lacking Trsp
(P¼0.0061). Mice lacking Trsp and heterozygous for Txnrd1 had a
signiﬁcantly shorter life span than control mice (Po0.0001), but
did not have a signiﬁcantly different life span than mice lacking
only Trsp or mice lacking both Trsp and Txnrd1.4. Discussion
Gpx4 is one of the most critical selenoproteins for murine
survival and its knockout causes early embryonic lethality at E7.5
[30]. However, we found herein that tissue-speciﬁc loss of Gpx4
did not seem to impact hepatocyte development since the em-
bryos at E15.5 appeared normal upon pathological examination.
Neonatal Alb-Cre; Gpx4ﬂ/ﬂ mice died within 24–48 h after birth
from severe liver degeneration. The hepatic degeneration also
exhibited a “fading out” of hepatocytes and globules were present
which appeared to be hepatocyte fragments, alterations that might
be caused by oxidative membrane damage. In contrast, mice car-
rying knockouts in hepatocytes of either Trsp or Txnrd1 (wherein
their loss in early development, like Gpx4, is embryonic lethal
[14,16]) did not appear to affect hepatocyte development or to
provoke liver degeneration in neonates (Fig. 1). As evidenced by
the fact that Alb-Cre; Txnrd1ﬂ/ﬂ mice survived, unless they were
challenged [18], and Alb-Cre; Trspﬂ/ﬂ mice survived for several
months without any apparent phenotype [17], provided further
evidence that Gpx4 is apparently more critical to proper tissue
function and survival than any other essential selenoprotein (e.g.,
see [11,12,18]). Interestingly, hepatocyte-speciﬁc Trsp / mice die
about 3–4 months after birth from “severe liver degeneration and
necrosis” [17], a time point when Gpx4 levels are likely reduced to
a critically low amount resulting in this phenotype and death. It is
interesting that the phenotype of hepatocyte-speciﬁc loss of Gpx4
is more severe than that of Trsp. It is possible, however, that a very
low level of Gpx4 protein with a replacement of Sec to Cys under
limiting selenium (or Sec) availability, as reported for Txnrd1 [31],
may lead to a protein with residual Gpx4 activity able to partially
compensate for the lack of Trsp in hepatocytes at least to some
extent. Indeed, tetracycline-inducible, ectopic expression of a
mutant Gpx4 with a Sec-Cys conversion (even in minute amounts)
was able to rescue cell death in Tamoxifen-inducible Gpx4 / ﬁ-
broblasts [32]. We actually addressed a putative Cys insertion into
Gpx4 in the absence of Trsp using immunoprecipitated Gpx4 fol-
lowed by mass spectrometry in liver tissue from hepatocyte-spe-
ciﬁc Gpx4 knockout neonates multiple times (not shown). How-
ever, we failed to detect such a tryptic Gpx4 fragment as liver
tissue from neonates might not be the ideal tissue to perform such
a study because liver is the site of fetal hematopoiesis and thus hasa substantial amount of hematopoietic cells still present at birth.
Therefore, tissue heterogeneity may preclude such a challenging
study.
If Gpx4 is such an important gene in development, why do not
the AlbCre; Gpx4ﬂ/ﬂ hepatocyte mice die before birth and in early
embryogenesis? The reasons most certainly lie in large part in the
relative activity of the Alb-Cre transgene and in the percent he-
patocytes at different stages of embryonic liver development [33],
the intracellular half-life of Gpx4, and the point at which the Gpx4
levels decline to critically low amounts that are severely detri-
mental to health. Weisend et al. [33] have carefully followed the
transition of mostly hematopoietic to mostly hepatocytic cells in
developing fetal and neonatal liver, along with the expression of
the Cre recombinase. The Cre recombinase is expressed as early as
E10.5 [34,35] and hepatocytes become more plentiful between
E14.5 and P3 [33]. It is tempting to speculate from these ob-
servations that a critically low level of Gpx4 in Alb-Cre; Gpx4ﬂ/ﬂ
pups was achieved within the ﬁrst 24–48 h post-birth. Regarding
the half-life of Gpx4 and the life-threatening levels of this sele-
noenzyme to survival, little is known, to our knowledge, about
either, but these indeed are factors that require consideration. In
addition, as placental vitamin E provision by the mother is greatly
facilitated by the α-tocopherol transfer protein playing an essen-
tial role in the selective transfer of α-tocopherol across the pla-
centa [36], one may hypothesize that knockout embryos ad-
ditionally proﬁt from a vitamin E-enriched environment.
The double knockdown of Gpx4 and Trsp resulted in embryonic
lethality demonstrating that loss of both genes confounded the
loss of either single gene. Similarly, the double knockdown Alb-
Cre: Trspﬂ/ﬂ; Txnrd1ﬂ/ﬂ mice died earlier than mice with a loss of
either individual gene. Interestingly, approximately 60% of Alb-Cre:
Trspﬂ/ﬂ; Txnrd1ﬂ/þ mice died in virtually the same period as Alb-
Cre: Trspﬂ/ﬂ; Txnrd1ﬂ/ﬂ mice, wherein their median survival was 17
days compared to 14.5 days in the former mice, while the median
survival for Alb-Cre; Trspﬂ/ﬂ mice was 61 days. Clearly, the expres-
sion of both Txnrd1 alleles in liver is critical for longer longevity of
Trsp-deﬁcient mice, whereas expression of both Gpx4 alleles in this
organ did not appear to be essential at this early age, as Alb-Cre:
Trspﬂ/ﬂ; Gpx4ﬂ/þ mice survived beyond weaning age.
The observation that the double knockout mice had greater
impact on the animal's survival than the loss of any one of the
three genes in liver raises a question as to why this is true when
theoretically the removal of Trsp alone should prevent expression
of all selenoproteins. Undoubtedly, there are residual amounts of
all three components detectable at 6 days which are absent by 15
days. Since the liver Trsp knockout mice survive for several
months, and apparently without selenoprotein expression, there
appears to be a compensatory mechanism in total selenoprotein
knockout mice that is absent in the Gpx4 knockout alone. Trsp
B.A. Carlson et al. / Redox Biology 9 (2016) 22–3130knockout in skin resulted in hyperplastic epidermal development,
abnormal hair follicle morphogenesis, progressive alopecia, a runt
phenotype and premature death in the progeny [12]. Gpx4
knockout alone in skin mimicked many of these same abnormal-
ities, but the affected offspring survived the critical stage in early
development and went on to live normal lives [12]. We speculate
that the residual amounts of Sec tRNA[Ser]Sec, Txnrd1 and Gpx4
observed in Trsp knockout livers are sufﬁcient to carry the mice
through a critical stage in early neonate liver development until
the mice are less dependent on selenoproteins. Additionally, vi-
tamin E might be sufﬁcient at an advanced age to compensate for
Gpx4 loss in hepatocyte-speciﬁc Trsp knockout mice once these
mice have established their own liver metabolism. Data obtained
here further stress the point that variable amounts of vitamin E
found in commercially available diets may help to explain the
differences in longevity seen in Trsp knockout mice [17,19].
Although Gpx4 is not under the regulation of Nrf2 [27], the
knockout of Gpx4 in liver increases the expression of Nrf2-induced
enzymes such as Txnrd1 and Gpx2 and enzymes in the GSH sys-
tem. mRNAs encoding enzymes in the GSH system, Gsta1 and Gclc,
and other enzymes involved in redox reactions, e.g., Srxn1 and
Cbr3, are not induced as much in Gpx4-deﬁcient hepatocytes as in
Txnrd1-deﬁcient hepatocytes. However, since the expression of
these enzymes are known to be under Nrf2 control, this tran-
scription regulatory factor likely responds to lipid peroxidation by-
products able to alkylate Keap-1 and thus stabilize Nrf2 [26].
As reported in earlier studies [6,13], vitamin E can compensate
for Gpx4 loss in some tissues in vivo (i.e. endothelium and T cell
function) and, as further observed herein, Gpx4 hepatocyte
knockout mice appear to survive normally. However, if vitamin E is
removed from the diet of Gpx4-deﬁcient animals after 6 weeks,
they begin dying eight days later and continue to expire for the
next 43 days with a medium survival of 27.5 days. Pathological
analysis of the livers revealed that the mice die from severe liver
degeneration. Yet, it remains to be shown at a molecular level, how
vitamin E (and/or its metabolic products) protects hepatocytes
in vivo when Gpx4 expression is abrogated. It is conceivable that
vitamin E, as a lipid peroxidation chain breaking antioxidant,
protects from detrimental lipid peroxidation in Gpx4 null hepa-
tocytes. Alternatively, it is also possible that vitamin E may inhibit
lipoxygenase activity, thus preventing uncontrolled oxidation of
polyunsaturated fatty acids (PUFAs) in membranes [37]. In this
respect, we previously provided evidence that cell death induced
by Gpx4 disruption in murine ﬁbroblasts could be rescued by in-
hibitors targeting 12/15-lipoxygenase (Alox15) but not other li-
poxygenase isoforms [10]. Along the same line, Alox15 / ﬁbro-
blasts were more resistant to GSH depletion than wildtype cells,
indicating that 12/15-lipoxygenase is indeed involved in cell death
downstream of GSH depletion and Gpx4 inactivation. However, we
have recently shown that cross-breeding Alox15 / mice with
tamoxifen-inducible whole body Gpx4 null mice does not rescue
acute renal failure and early death of Gpx4 / mice, and that cells
isolated from Alox15/Gpx4 double knockout mice die like Gpx4 /
cells [5]. Similarly, Borchert's group has recently demonstrated
that cross-breeding mice expressing inactive Gpx4 die as early as
systemic Gpx4 / mice (E7.5) and that this early embryonic leth-
ality cannot be rescued by Alox15-deﬁciency [38]. From these
studies, one can conclude that there is either redundancy between
different lipoxygenases in modulating cellular lipids or that there
are mechanisms other than lipoxygenase activity contributing to
lipid peroxidation and related cell death.
Our present study has provided conclusive, molecular evidence
about the interrelationship between selenium - in form of Gpx4 -
and vitamin E in the prevention of hepatocellular degeneration, a
relationship that was postulated almost 50 years ago by Schwarz
and Foltz [39]. In these early studies, it was determined that livernecrosis could be induced only when both vitamin E and “Factor
3”, identiﬁed to be selenium, are concomitantly omitted from the
diet. Our study, thus, has at least two important implications that
might be considered in future studies, particularly when addres-
sing pathological conditions that ultimately impinge on hepato-
cyte survival: (1) dietary vitamin E content should be carefully
controlled in toxicological (e.g. drug-induced, alcohol) or patho-
logical (e.g. ischemia/reperfusion) settings which will directly
impinge on the glutathione/Gpx4 axis as this may lead to entirely
different study outcomes in different laboratories; and (2) inhibi-
tion of ferroptotic cell death (e.g. through vitamin E and ferrop-
tosis inhibitors) may harbor substantial therapeutic potential to be
applied in clinical settings.5. Conclusion
Data presented here show that Gpx4 and vitamin E are two
important factors for hepatocyte and thus mouse survival. As
many deleterious conditions are known to directly impair the
glutathione/Gpx4 system, our data imply that ferroptosis inhibi-
tion may represent a viable therapeutic approach to ameliorate
hepatocyte cell death. Our ﬁndings further imply that the vitamin
E status in the mouse diet may substantially inﬂuence the out-
come of preclinical models of liver disease, potentially leading to
conﬂicting results among different laboratories.Conﬂict of interests
The authors declare no conﬂict of interest.Acknowledgements
We are grateful to José Pedro Friedmann Angeli for critical
reading of the manuscript. DLH was funded by the Intramural
Research Program of the National Institutes of Health, National
Cancer Institute, Center for Cancer Research. MC received funding
from the Deutsche Forschungsgemeinschaft (CO 291/2-3; CO 291/
5-1) and the Human Frontier Science Program (RGP0013/14).Appendix A. Supplementary material
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.redox.2016.05.003.References
[1] V.M. Labunskyy, D.L. Hatﬁeld, V.N. Gladyshev, Selenoproteins: molecular
pathways and physiological roles, Physiol. Rev. 94 (2014) 739–777.
[2] W.S. Yang, R. Sriramaratnam, M.E. Welsch, K. Shimada, R. Skouta, V.
S. Viswanathan, J.H. Cheah, P.A. Clemons, A.F. Shamji, C.B. Clish, L.M. Brown, A.
W. Girotti, V.W. Cornish, S.L. Schreiber, B.R. Stockwell, Regulation of ferroptotic
cancer cell death by GPX4, Cell 156 (2014) 317–331.
[3] S.J. Dixon, K.M. Lemberg, M.R. Lamprecht, R. Skouta, E.M. Zaitsev, C.E. Gleason,
D.N. Patel, A.J. Bauer, A.M. Cantley, W.S. Yang, B. Morrison 3rd, B.R. Stockwell,
Ferroptosis: an iron-dependent form of nonapoptotic cell death, Cell 149
(2012) 1060–1072.
[4] M. Conrad, J.P. Angeli, P. Vandenabeele, B.R. Stockwell, Regulated necrosis:
disease relevance and therapeutic opportunities, Nat Rev Drug Discov. 15 (5)
(2016) 348–366, http://dx.doi.org/10.1038/nrd.2015.6. Epub 2016 Jan 18.
[5] J.P. Friedmann Angeli, M. Schneider, B. Proneth, Y.Y. Tyurina, V.A. Tyurin, V.
J. Hammond, N. Herbach, M. Aichler, A. Walch, E. Eggenhofer,
D. Basavarajappa, O. Radmark, S. Kobayashi, T. Seibt, H. Beck, F. Neff, I. Esposito,
R. Wanke, H. Forster, O. Yefremova, M. Heinrichmeyer, G.W. Bornkamm, E.
K. Geissler, S.B. Thomas, B.R. Stockwell, V.B. O’Donnell, V.E. Kagan, J.A. Schick,
M. Conrad, Inactivation of the ferroptosis regulator Gpx4 triggers acute renal
B.A. Carlson et al. / Redox Biology 9 (2016) 22–31 31failure in mice, Nat. Cell Biol. 16 (2014) 1180–1191.
[6] M. Matsushita, S. Freigang, C. Schneider, M. Conrad, G.W. Bornkamm, M. Kopf,
T cell lipid peroxidation induces ferroptosis and prevents immunity to infec-
tion, J. Exp. Med. 212 (2015) 555–568.
[7] L. Chen, W.S. Hambright, R. Na, Q. Ran, Ablation of the ferroptosis inhibitor
glutathione peroxidase 4 in neurons results in rapid motor neuron degen-
eration and paralysis, J. Biol. Chem. 290 (2015) 28097–28106.
[8] L.J. Yant, Q. Ran, L. Rao, H. Van Remmen, T. Shibatani, J.G. Belter, L. Motta,
A. Richardson, T.A. Prolla, The selenoprotein GPX4 is essential for mouse de-
velopment and protects from radiation and oxidative damage insults, Free
Radic. Biol. Med. 34 (2003) 496–502.
[9] M.H. Yoo, X. Gu, X.M. Xu, J.Y. Kim, B.A. Carlson, A.D. Patterson, H. Cai, V.
N. Gladyshev, D.L. Hatﬁeld, Delineating the role of glutathione peroxidase 4 in
protecting cells against lipid hydroperoxide damage and in Alzheimer's dis-
ease, Antioxid. Redox Signal. 12 (2010) 819–827.
[10] A. Seiler, M. Schneider, H. Forster, S. Roth, E.K. Wirth, C. Culmsee, N. Plesnila,
E. Kremmer, O. Radmark, W. Wurst, G.W. Bornkamm, U. Schweizer, M. Conrad,
Glutathione peroxidase 4 senses and translates oxidative stress into 12/15-
lipoxygenase dependent- and AIF-mediated cell death, Cell Metab. 8 (2008)
237–248.
[11] E.K. Wirth, M. Conrad, J. Winterer, C. Wozny, B.A. Carlson, S. Roth, D. Schmitz,
G.W. Bornkamm, V. Coppola, L. Tessarollo, L. Schomburg, J. Kohrle, D.
L. Hatﬁeld, U. Schweizer, Neuronal selenoprotein expression is required for
interneuron development and prevents seizures and neurodegeneration,
FASEB J. 24 (2010) 844–852.
[12] A. Sengupta, U.F. Lichti, B.A. Carlson, C. Cataisson, A.O. Ryscavage, C. Mikulec,
M. Conrad, S.M. Fischer, D.L. Hatﬁeld, S.H. Yuspa, Targeted disruption of glu-
tathione peroxidase 4 in mouse skin epithelial cells impairs postnatal hair
follicle morphogenesis that is partially rescued through inhibition of COX-2, J.
Investig. Dermatol. 133 (2013) 1731–1741.
[13] M. Wortmann, M. Schneider, J. Pircher, J. Hellfritsch, M. Aichler, N. Vegi,
P. Kolle, P. Kuhlencordt, A. Walch, U. Pohl, G.W. Bornkamm, M. Conrad, H. Beck,
Combined deﬁciency in glutathione peroxidase 4 and vitamin e causes mul-
tiorgan thrombus formation and early death in mice, Circ. Res. 113 (2013)
408–417.
[14] M.R. Bosl, K. Takaku, M. Oshima, S. Nishimura, M.M. Taketo, Early embryonic
lethality caused by targeted disruption of the mouse selenocysteine tRNA gene
(Trsp), Proc. Natl. Acad. Sci. USA 94 (1997) 5531–5534.
[15] E. Kumaraswamy, B.A. Carlson, F. Morgan, K. Miyoshi, G.W. Robinson, D. Su,
S. Wang, E. Southon, L. Tessarollo, B.J. Lee, V.N. Gladyshev, L. Hennighausen, D.
L. Hatﬁeld, Selective removal of the selenocysteine tRNA [Ser]Sec gene (Trsp)
in mouse mammary epithelium, Mol. Cell Biol. 23 (2003) 1477–1488.
[16] C. Jakupoglu, G.K. Przemeck, M. Schneider, S.G. Moreno, N. Mayr, A.
K. Hatzopoulos, M.H. de Angelis, W. Wurst, G.W. Bornkamm, M. Brielmeier,
M. Conrad, Cytoplasmic thioredoxin reductase is essential for embryogenesis
but dispensable for cardiac development, Mol. Cell Biol. 25 (2005) 1980–1988.
[17] B.A. Carlson, S.V. Novoselov, E. Kumaraswamy, B.J. Lee, M.R. Anver, V.
N. Gladyshev, D.L. Hatﬁeld, Speciﬁc excision of the selenocysteine tRNA[Ser]
Sec (Trsp) gene in mouse liver demonstrates an essential role of selenopro-
teins in liver function, J. Biol. Chem. 279 (2004) 8011–8017.
[18] B.A. Carlson, M.H. Yoo, R. Tobe, C. Mueller, S. Naranjo-Suarez, V.J. Hoffmann, V.
N. Gladyshev, D.L. Hatﬁeld, Thioredoxin reductase 1 protects against chemi-
cally induced hepatocarcinogenesis via control of cellular redox homeostasis,
Carcinogenesis 33 (2012) 1806–1813.
[19] U. Schweizer, F. Streckfuss, P. Pelt, B.A. Carlson, D.L. Hatﬁeld, J. Kohrle,
L. Schomburg, Hepatically derived selenoprotein P is a key factor for kidney
but not for brain selenium supply, Biochem. J. 386 (2005) 221–226.
[20] C. Postic, M. Shiota, K.D. Niswender, T.L. Jetton, Y. Chen, J.M. Moates, K.
D. Shelton, J. Lindner, A.D. Cherrington, M.A. Magnuson, Dual roles for glu-
cokinase in glucose homeostasis as determined by liver and pancreatic betacell-speciﬁc gene knock-outs using Cre recombinase, J. Biol. Chem. 274 (1999)
305–315.
[21] A. Holmgren, M. Bjornstedt, Thioredoxin and thioredoxin reductase, Methods
Enzymol. 252 (1995) 199–208.
[22] M.T. Howard, B.A. Carlson, C.B. Anderson, D.L. Hatﬁeld, Translational re-
deﬁnition of UGA codons is regulated by selenium availability, J. Biol. Chem.
288 (2013) 19401–19413.
[23] L. Bouwens, P. De Bleser, K. Vanderkerken, B. Geerts, E. Wisse, Liver cell het-
erogeneity: functions of non-parenchymal cells, Enzyme 46 (1992) 155–168.
[24] P.M. Moriarty, C.C. Reddy, L.E. Maquat, Selenium deﬁciency reduces the
abundance of mRNA for Se-dependent glutathione peroxidase 1 by a UGA-
dependent mechanism likely to be nonsense codon-mediated decay of cyto-
plasmic mRNA, Mol. Cell Biol. 18 (1998) 2932–2939.
[25] R.A. Sunde, A.M. Raines, Selenium regulation of the selenoprotein and non-
selenoprotein transcriptomes in rodents, Adv. Nutr. 2 (2011) 138–150.
[26] R. Brigelius-Flohe, M. Muller, D. Lippmann, A.P. Kipp, The yin and yang of nrf2-
regulated selenoproteins in carcinogenesis, Int. J. Cell Biol. 2012 (2012)
486147.
[27] E.S. Suvorova, O. Lucas, C.M. Weisend, M.F. Rollins, G.F. Merrill, M.R. Capecchi,
E.E. Schmidt, Cytoprotective Nrf2 pathway is induced in chronically txnrd
1-deﬁcient hepatocytes, PLoS One 4 (2009) e6158.
[28] X.M. Xu, A.A. Turanov, B.A. Carlson, M.H. Yoo, R.A. Everley, R. Nandakumar,
I. Sorokina, S.P. Gygi, V.N. Gladyshev, D.L. Hatﬁeld, Targeted insertion of cy-
steine by decoding UGA codons with mammalian selenocysteine machinery,
Proc. Natl. Acad. Sci. USA 107 (2010) 21430–21434.
[29] F. Nielsen, B.B. Mikkelsen, J.B. Nielsen, H.R. Andersen, P. Grandjean, Plasma
malondialdehyde as biomarker for oxidative stress: reference interval and
effects of life-style factors, Clin. Chem. 43 (1997) 1209–1214.
[30] M. Conrad, Transgenic mouse models for the vital selenoenzymes cytosolic
thioredoxin reductase, mitochondrial thioredoxin reductase and glutathione
peroxidase 4, Biochim. Biophys. Acta 2009 (1790) 1575–1585.
[31] J. Lu, L. Zhong, M.E. Lonn, R.F. Burk, K.E. Hill, A. Holmgren, Penultimate sele-
nocysteine residue replaced by cysteine in thioredoxin reductase from sele-
nium-deﬁcient rat liver, FASEB J. 23 (2009) 2394–2402.
[32] A.M. Mannes, A. Seiler, V. Bosello, M. Maiorino, M. Conrad, Cysteine mutant of
mammalian GPx4 rescues cell death induced by disruption of the wild-type
selenoenzyme, FASEB J. 25 (2011) 2135–2144.
[33] C.M. Weisend, J.A. Kundert, E.S. Suvorova, J.R. Prigge, E.E. Schmidt, Cre activity
in fetal albCre mouse hepatocytes: utility for developmental studies, Genesis
47 (2009) 789–792.
[34] R.R. Meehan, D.P. Barlow, R.E. Hill, B.L. Hogan, N.D. Hastie, Pattern of serum
protein gene expression in mouse visceral yolk sac and foetal liver, EMBO J. 3
(1984) 1881–1885.
[35] T. Murakami, Y. Yasuda, S. Mita, S. Maeda, K. Shimada, T. Fujimoto, S. Araki,
Prealbumin gene expression during mouse development studied by in situ
hybridization, Cell Differ. 22 (1987) 1–9.
[36] K. Jishage, M. Arita, K. Igarashi, T. Iwata, M. Watanabe, M. Ogawa, O. Ueda,
N. Kamada, K. Inoue, H. Arai, H. Suzuki, Alpha-tocopherol transfer protein is
important for the normal development of placental labyrinthine trophoblasts
in mice, J. Biol. Chem. 276 (2001) 1669–1672.
[37] K.M. Lebold, M.G. Traber, Interactions between alpha-tocopherol, poly-
unsaturated fatty acids, and lipoxygenases during embryogenesis, Free Radic.
Biol. Med. 66 (2014) 13–19.
[38] S.H. Brutsch, C.C. Wang, L. Li, H. Stender, N. Neziroglu, C. Richter, H. Kuhn,
A. Borchert, Expression of inactive glutathione peroxidase 4 leads to em-
bryonic lethality, and inactivation of the alox15 gene does not rescue such
knock-in mice, Antioxid. Redox Signal. 22 (2015) 281–293.
[39] K. Schwarz, C.M. Foltz, Factor 3 activity of selenium compounds, J. Biol. Chem.
233 (1958) 245–251.
